The polyploid species in Rosa section Caninae (2n ¼ 21, 28 or 35) are characterized by an unusual reproductive system known as odd (or asymmetric) meiosis. Only two chromosome sets form bivalents in meiosis, whereas the remaining chromosomes are transmitted as univalents through the female germline. Evolution of ribosomal rRNA genes (rDNA) does not seem to be significantly affected by interlocus homogenization in dogroses. As a consequence, most species contain several rDNA families falling into two main clades (b and g) thought to be differentially distributed between bivalent and univalent chromosomes, respectively. Here, we have investigated expression of rRNA gene families in five pentaploid species (R. canina, R. rubiginosa, R. dumalis, R. sherardii and R. caesia, 2n ¼ 35) and in one tetraploid (R. mollis, 2n ¼ 28). Using extensive sequencing of ITS clones and cleaved amplified polymorphism sequence (CAPS) analysis, we found that the b-family was constitutively expressed in all species. However, there was large variation in the expression patterns of families constituting the g-clade. In addition, a single family can be active in one species, whereas silenced in another. The data show that the families on bivalent-forming chromosomes dominate rDNA expression in all dogrose species. We hypothesize that genes on bivalent genomes are stably expressed, whereas those on univalent genomes undergo variable levels of epigenetic silencing. Nonetheless, mosaic expression of univalent genomes could contribute to phenotypic variation between the species.
Introduction
The genus Rosa, comprising large numbers of traditional ornamental plants, has long been a target for breeding and genetic research. The section Caninae DC forms a large and well-defined group of polyploid taxa known as dogroses. Pentaploids are most common, but tetraploids and hexaploids also occur (Wissemann, 2003a) . All dogrose species have the peculiar 'canina' meiosis described more than 80 years ago (Tackholm, 1920; Blackburn and Heslop-Harrison, 1921) . Only seven bivalents are formed in the first meiotic division. The remaining chromosomes occur exclusively as univalents and are not included in viable pollen grains, which contain only the seven divided bivalent chromosomes. All the univalents are, however, transmitted to one of the daughter cells in the female meiosis and are eventually included in the viable egg cells, which, therefore, contain 21, 28 or 35 chromosomes depending on ploidy levels.
The evolutionary significance of this strange meiotic system remains enigmatic. However, recent molecular investigations have shed some light on the origin and structure of the individual subgenomes. Specifically, microsatellite DNA markers (Nybom et al., 2004 (Nybom et al., , 2006 , RAPD (Werlemark and Nybom, 2001) and nuclear ribosomal RNA genes (rDNA) (Kovarik et al., 2008a) have shown that the bivalent-forming genomes seem to be rather similar across different dogrose species, even those occurring in different subsections. In contrast, distinctly different univalent genomes occur within single genotypes, but also show levels of differentiation that are associated with taxonomic distances between genotypes.
The rRNA genes (rDNA) coding for 18S-5.8S-26S RNA are organized on chromosomes as long tandem arrays that may comprise thousands of units in plants (Hemleben and Zentgraf, 1994) . The intragenic (ITS) and intergenic spacers associated with genic regions often vary between species and may be used to detect parentage of allotetraploids (Nieto Feliner and Rossello, 2007; Volkov et al., 2007) . Just as other tandemly arranged sequences, the rDNA arrays undergo concerted evolution, which maintains their homogeneity (Dover, 1982) . However, interlocus homogenization seems to be less efficient than that of intralocus (Schlotterer and Tautz, 1994) . This is probably why some allopolyploids maintain their parental genes, whereas others are characterized by extensive homogenization of repeats across the subgenomes. The pentaploid dogroses belong to the former group, having different ITS types (Wissemann, 2003b) that fall into two phylogenetically well-separated clades (Kovarik et al., 2008b) and are distributed at least on five chromosomes in Rosa canina . Thus, interlocus homogenization may be limited or nonexisting in Rosa allopolyploids. The b-family seems to be ubiquitously present in all three polyploids analyzed (R. canina, R. rubiginosa and R. dumalis), whereas the other families showed more restricted distribution (Kovarik et al., 2008b) . In addition, when the DNA was extracted from mature pollen grains (thought to contain predominantly haploid bivalent-forming genomes) the ratios were skewed toward the b-family. These data indicated that the b-rDNA family is likely to occur on bivalent-forming genomes supporting the hypothesis that similar genomes may be involved in meiotic pairing in different pentaploid species.
Epigenetic information, not directly encoded by a primary DNA sequence, seems to be important for a variety of biological processes including regulation of gene transcription and the maintenance of genome integrity and development (Colot and Rossignol, 1999; Richards, 2006) . It is believed that on allopolyploidization events, epigenetic processes may help to harmonize expression of parental genomes in a unified nucleus (Adams and Wendel, 2005) . Indeed, numerous studies have shown changes in DNA methylation and chromatin early after the formation of an allopolyploid nucleus (Feldman and Levy, 2005; Salmon et al., 2005) . One of the well-known epigenetic phenomena is nucleolar dominance (Navashin, 1934) of which the molecular basis is uniparental silencing of one parental family of rRNA genes (Preuss and Pikaard, 2007) .
Although the rRNA silencing has been described in many synthetic and natural allopolyploids (Volkov et al., 2007) , there are no reports on rRNA gene expression in systems with highly non-concerted evolution of rDNA repeats, transmitted differently through the male and female meiosis, respectively. In this study, we have addressed the question of expression of individual rRNA gene families thought to originate from bivalent and univalent Caninae genomes. To achieve this aim, we have carried out sequencing of ITS clones derived from RNA (cDNA) and genomic DNA (gDNA) in several pentaploid and one tetraploid species. Evidence was obtained for stable expression of a proto-canina rRNA family and variable silencing of other families likely to originate from univalent genomes.
Materials and methods
Plant material R. canina (accession 1073), R. rubiginosa (0391), R. dumalis (8701), R. sherardii (1402), R. caesia (504) and R. mollis (105) plants were collected as root suckers in the wild and subsequently grown at Balsgård, South Sweden (Nybom et al., 2006) . Ploidy levels were determined by flow cytometry in earlier studies (Nybom et al., 2004 (Nybom et al., , 2006 . All of these accessions were found to be pentaploid (2n ¼ 5x ¼ 35) except for R. mollis, which was tetraploid (2n ¼ 4x ¼ 28). Young fresh leaf (B100-200 mg tissues) was collected and stored in RNAlater (Applied Biosystems, Foster City, CA, USA) solution at À20 1C until use.
Nucleic acids isolation and treatment RNA was extracted using an RNAeasy kit (Qiagen, Germany) according to the manufacturer's recommendation. RNA samples were treated with Turbo DNase I (Ambion, Austin, Texas, USA) (0.1 U mg -1 RNA; 30 min per 37 1C) to eliminate any contaminating gDNA. Quality of RNA preparations was checked with agarose gel electrophoresis. The cDNAs were prepared in a reverse transcription reaction (20 ml) typically containing 1 mg of total RNA, 2 pmols of random primers and 200 units of reverse transcriptase (Invitrogen Superscript II RNase H) following conditions recommended by the supplier (Invitrogen, Paisely, UK). The gDNA was extracted using a modified cetyltrimethylammonium bromide method. Briefly, the leaf tissue was washed from RNAlater with distilled water and homogenized in an extraction buffer (50 mM Tris HCl, pH 8.0, 0.8 M NaCl, 10 mM EDTA, 1.2% cetyltrimethylammonium bromide and 0.01% 2-mercaptoethanol) using a micropestle (Eppendorf, Germany). The downstream purification steps were as described in Fojtova et al. (1998) .
The concentration of purified nucleic acids was estimated by spectrophotometry (Nanodrop, Thermo Scientific, Wilmington, DE, USA).
ITS amplification
For PCR (25 ml) amplification, we used 100 ng of input cDNA or 100 ng of gDNA as template, 40 pmol of each primer, 12 nmol of each dNTP, 1.9 U of DyNAzyme II DNA polymerase (Finnzymes, Espoo, Finland). The primers were as follows: for ITS1-5.8S-ITS2, we used the 18Sfor (5 0 -GCGCTACACTGATGTATTCAACGAG-3 0 ) and 26Srev (5 0 -CTTTTCCTCCGCTTATTGATATGC-3 0 ) pair; and for ITS1, the 5.8Srev (5 0 -CGCAACTTGCGTTCA AAGACTCGA-3 0 ) primer was used in combination with the 18Sfor primer. Cycling conditions were as follows: initial denaturation step (92 1C, 180 s) and 35 cycles (92 1C, 20 s; 57 1C, 30 s; 72 1C, 30 s) followed by a final 72 1C extension for 10 min. For each RNA isolate, we performed several control experiments involving amplification reactions on DNA templates and RNA templates before reverse transcription. No product was obtained on RNA samples without a reverse transcription step. The products were cloned into a pDrive vector (Qiagen) or analyzed directly by cleaved amplified polymorphism sequence (CAPS) (further below). About 20 clones from each sample were sequenced from both ends (MWG Eurofinn, Germany). The newly identified ribotypes were submitted to the EMBL/GenBank under the accession numbers FJ947107-FJ947110 and FJ948761.
Cleaved amplified polymorphism sequence
The PCR products from gDNA or cDNA amplification reactions were digested with an excess of BstNI, RsaI or BstUI restriction enzymes (NEB, Beverly, Maryland, MD, USA) and the resulting fragments were separated on a 2% agarose gel. After RT-CAPS analysis, the gel was stained with ethidium bromide and visualized using ultraviolet light transillumination system (CCD camera was a Discovery model, Ultra-Lum, Claremont, CA, rDNA expression in pentaploid dogroses L Khaitová et al USA). Images were processed by UltraQuant molecular imaging and analysis software (Ultra-Lum).
Data analysis
In total, the ITS datasets comprised B220 DNA sequences derived from genomic and cDNA clones. The sequences were assembled and aligned using the BIOEDIT 3 program (Hall, 1999) , using the CLUSTAL W algorithm. The central region from nt À168 to À48 (with respect to the 5.8S coding region) containing hypervariable sites (Kovarik et al., 2008b) was selected and used for phylogenetic analysis. The final alignment contained 120 nucleotides without indels. The phylogenetic relationships of ITS families were inferred from phylograms constructed based on the neighbor-joining approach with the setting of the Kimura two-parameter substitution model. The statistical support for branching was obtained with a bootstrap analysis: 500 repetitions were carried out using the PHYLOWIN program (Galtier et al., 1996) . Only medium and strongly supported branches (bootstrap support 60-100%) were considered. The distances between individual clones were calculated with the assistance of DnaSP 4.0 software (Rozas et al., 2003) using the partial (3 0 -end) 18S rRNA genic and full length ITS1 sequences.
Results

Analysis of ITS from gDNA clones
We cloned and sequenced ITS from R. caesia, R. sherardii and R. mollis from gDNA. About 20 clones from each species were sequenced. The sequences were aligned and checked for polymorphic sites (for the alignment matrix, see Supplementary Figure S1 ). In R. caesia and R. sherardii, essentially the same mutation hot spots (8-9) were identified as found in earlier ITS studies of R. canina, R. rubiginosa and R. dumalis (Kovarik et al., 2008b) . In addition, four sites (À48, À119, À129, À156) were found to be highly polymorphic in the tetraploid R. mollis, whereas they were apparently monomorphic in the pentaploid species. The high-copy polymorphisms arising from several mutation hot spots were used to define gene families. Low-copy number mutations occurring once (singletons) in an alignment matrix were not considered as separate ribotypes. The consensus sequences for individual gene families and phylogenetic relationships are shown in Table 1 and Figure 1 , respectively. One well-supported branch was formed by a-and b-families. The second, more diversified clade, contained several related families (g, d, e, o and their derivatives). Rosa caesia and R. sherardii shared the gene families (a, b, g and e) with other pentaploid dogroses. In contrast, R. mollis had two, possibly three, additional unique ITS types (o, e 0 , e 00 ) falling within the g-family branch. The overall divergence of ITS clones was also relatively high in R. mollis (Table 2) . Quantitative representation of individual gene families among the species is shown in Supplementary Table S1 and Figure 2 ('gDNA' columns).
Analysis of ITS from cDNA clones
Using the RT-PCR approach, we analyzed expression of rRNA genes in leaf material from five pentaploid species (R. canina, R. rubiginosa, R. dumalis, R. sherardii and R. caesia) and one tetraploid (R. mollis). We obtained B120 ITS sequences that were aligned and analyzed as described above for the gDNA. Diversity data for comparisons between clones were calculated (Tables 2  and 3 ). Evidently, overall heterogeneity of cDNA clones was slightly lower compared with gDNA clones (with exception of R. mollis) indicating that only particular subsets of gene families had been expressed. Relatively homogeneous ITS transcripts were found in R. rubiginosa, whereas both R. caesia and R. dumalis displayed higher diversities. These findings are consistent with a more heterogenous spectrum of gene families in the latter two species. The contribution of each family to the total rRNA pool is shown in Figure 2 ('cDNA' columns).
As hundreds of rRNA genes may be transcribed in the cell, we used CAPS analyses to obtain a more statistically valid overview of rRNA gene expression patterns. The restriction cleavage profiles of amplification products from cDNA and gDNA are shown in Figure 3 . In general, there were fewer bands in cDNA profiles compared with those of gDNA.
There are two BstNI sites in the ITS1-5.8S-ITS2 region of the b-clade, whereas there is a single BstNI site in most members of the g-clade. Consequently, the B500 bp band represents the b-clade families, whereas the heavier, B700 bp, band comprise mostly the g-clade families (Figure 3b ). It is evident that the B500 bp band had similar relative intensity among species, and also among lanes loaded with cDNA or gDNA, respectively. In contrast, intensity of the B700 bp band varied across the species and also between lanes loaded with cDNA and gDNA from the same species. For example, in lanes Table 1 Classification of major rRNA gene families according to the ITS nucleotide sequence at diagnostic sites
Sites polymorphic in tetraploid species only.
rDNA expression in pentaploid dogroses L Khaitová et al loaded with amplified R. canina, R. mollis and R. rubiginosa cDNA, the 700 bp signal was absent or at least much weaker than in the lane loaded with gDNA. On the other hand, the 700 bp band was intensive in a cDNA lane containing R. dumalis PCR product lane, which is consistent with relatively high proportion of the g-clade transcripts in this species (Figure 2) . Compared with the BstNI profiles, the RsaI digestion showed more sequence polymorphisms (Figure 3c ) revealing subtle differences between individual ITS types. In R. canina and R. dumalis, five or six bands were found in lanes loaded with gDNA, whereas only four or five clear bands showed up in lanes loaded with corresponding products of cDNA Figures  3a and d ). There were three bands in the R. mollis 'gDNA' lane, whereas there were two bands in that of R. rubiginosa and other pentaploid species (not shown).
The extra o-specific band was not visible after the digestion of the cDNA product confirming low expression of the o-family in R. mollis.
Discussion
Polyploid dogroses contain both conserved and divergent rDNA types Our earlier study revealed the presence of multiple ITS families in three pentaploid species, R. canina, R. rubiginosa and R. dumalis (Kovarik et al., 2008b) . In this study, we extended the analysis to two pentaploid (R. sherardii, R. caesia) and one tetraploid (R. mollis) species. Whereas R. sherardii had a relatively homogenous spectrum of ITS families and a prevalence of the b-family, R. caesia contained three families (a, b, g) in approximately equal proportions. A similar spectrum of ITS families was found in R. dumalis confirming close phylogenetic relationships between these two species; R. caesia is a synonym of R. coriifolia (Wissemann, 2003a) , Supplementary Table S1 . The e and o panels included all the derivatives (e 0 , e 00 and o 0 ). All species except R. mollis were pentaploids (2n ¼ 5x ¼ 35); R. mollis is a tetraploid (2n ¼ 4x ¼ 28). The data were collected from sequencing of cloned 18S-5.8S-26S subregions in six species. The symbols are the same as in Table 2 .
a N-number of sequences within the datasets (Supplementary Table  S1 ). Some sequences containing incomplete reads were not included in the analysis. *Statistically significant difference between the 18S and ITS clones, Po0.01.
rDNA expression in pentaploid dogroses L Khaitová et al which is often treated as R. dumalis subsp. coriifolia (Nilsson, 1967) . Earlier sequencing of clones revealed two major ITS families (a, b) in R. canina (Kovarik et al., 2008b) . However, the results of CAPS analysis are more consistent with the presence of additional families including those of the g-clade in this species. Perhaps, our screens of clones did not reach saturation levels despite considerable number of sequences obtained (B60) and minor variations could have been missed. Tetraploid species could be expected to contain a more homogenous spectrum of ITS types than those of pentaploid species because of the lower number of univalent genomes. However, this does not seem to hold true for R. mollis, which contained several divergent families in addition to the dominant b-family. The unique o-family and derivatives of the e-family have not been found earlier and may originate from a distantly related species (the o-family sequence was nearly identical to the ITS of R. rugosa).
Intralocus but not interlocus concerted evolution of rDNA repeats The phylogenetic tree (Figure 1 ) showed more diversification of the g-clade clones compared with those of the b-clade. An explanation is that the closely related b-clade families were acquired by all allopolyploid dogroses from a common proto-canina ancestor, whereas the g-clade families were inherited from divergent progenitors. However, it is also possible that homogenization pressures operating on rDNAs differ between genetic compartments of the allopolyploid. If so, the repeats on bivalent chromosomes would be more homogeneous compared with those on univalent chromosomes, as concerted evolution of repeated sequences seems to depend on the number of meiotic recombination events (Smith, 1974) . Certainly, members of the highly homogeneous b-family are predominantly located on the bivalent chromosomes in at least three dogrose species (Kovarik et al., 2008b) . It is also intriguing that, in our experiments, recombinants between the two divergent ITS clades (b and g) seem to be very few. Rare chimeric clones (usually o5%) probably represent PCR artifacts (Cronn et al., 2002) rather than true genomic recombinants. In contrast, recombinant ITS types have been observed in allopolyploid systems with regular meiosis (Buckler et al., 1997; Franzke and Mummenhoff, 1999; Nieto Feliner et al., 2004; Kovarik et al., 2005) . The situation here may resemble that of paeonia hybrids, which frequently undergo vegetative reproduction and whose ITSs have retained much of the parental features (Sang et al., 1995) . Together, the absence or reduced frequency of extensive interlocus homogenization is likely to be a consequence of the non-symmetrical meiosis in dogroses, which prevents meiotic recombination of univalent chromosomes. Despite the overall intergenomic ITS heterogenity, the intra-family homogeneity of units was high in both clades. For example, diversity between the members of the g-family (4300 clones isolated from different species) was o0.005 (Figure 1 ; Kovarik et al., 2008b) . Given that the g-family is likely located on the univalent chromosomes (based on the differential analysis of leaf and pollen clones), it seems that there is little evidence for degeneracy of univalent genome sequences. Perhaps, insufficient time has elapsed, as the allopolyploidy event to accumulate mutations in the array. However, it is also possible that some kind of rDNA homogenization may be occurring in the absence of regular meiosis. In support, rDNAs on non-recombining B-chromosomes of Crepis were found to be relatively homogeneous within the arrays (Leach et al., 2005) . Further, wellcontrolled experiments in a parthenogenic freshwater crustacean, Daphnia, revealed variation in arrays sizes over generations (McTaggart et al., 2007) , and it has been proposed that cross overs between sister chromatids could account for these unexpected rDNA dynamics (Eickbush and Eickbush, 2007) . Thus, mitotic nonhomologous recombination, organization of rDNA interphase (Kovarik et al., 2008a) , chromatin and DNA modification (Dadejova et al., 2007) might be the factors contributing to the intra-array homogeneity of units. Certainly, it will be interesting to study homogeneity of rDNA in allopolyploid genera differing in the extent/ frequency of sexual reproduction.
Silencing of rRNA genes in univalent, but not bivalent genomes Theoretical predictions based on secondary structure models have suggested that most ITS1 types are potentially functional in dogroses (Ritz et al., 2005) . Although the GC content of the g-ITS clade is somewhat lower (55-56%) than that of the b (B59%)-clade, this difference is unlikely to mark the g-clade families as pseudogenes. Indeed, we show that members of both clades are expressed. However, there were differences in the stability of expression patterns. For example, the g-and d-families showed contrasting and, in some cases, even reciprocal expression patterns: the g-family units were largely silenced in R. rubiginosa, but not in R. dumalis. In contrast, the d-family was partially silenced in R. dumalis, but expressed in R. rubiginosa despite its very low abundance in this species. A noteworthy fact is that even minor families may be highly transcriptionally active as indicated by enhanced signals in CAPS analysis (Figure 3b , panel R. sherardii and Figure 3c , panel R. dumalis). The phenomenon of low-copy gene-family expression dominance has also been observed in other allopolyploid systems (Joly et al., 2004; Matyasek et al., 2007) . With all evidence taken together, it seems that the b-family, residing on bivalent-forming genomes (Kovarik et al., 2008b) is stably expressed across the species, whereas families residing on univalent genomes tend to be suppressed. However, suppression does not seem to be absolute, as a family that is suppressed in one species can be active in other species.
Highly divergent families, perhaps including pseudogenes, are expressed in grasshopper species in which rDNA apparently escapes concerted evolution, as frequent mutations were found in the genic regions (Keller et al., 2006) . In dogroses, the 18S genic part of rDNA units did not contain mutation hot spots and the overall sequence divergence was B5 fold lower than that of ITS1 (Table 3) . Rare mutations were restricted to low frequency singletons (Supplementary Figure S1) . It seems that selection has acted to maintain most of units within the array functional (and homogeneous) despite non-concerted evolution across the arrays. However, the functionality of individual transcripts in ribosomes remains to be determined. Apparently, functional copies are almost completely silenced immediately after formation of the allopolyploid nucleus in synthetic hybrids of Nicotiana (Dadejova et al., 2007) and some Arabidopsis tetraploids (Beaulieu et al., 2009) . Obviously, there is no strict consensus concerning the gene-copy number, repeat homogeneity and transcription.
Epigenetic variation at univalent genomes-a hypothesis
The question arises as to the relevance of our findings for the general epigenetic landscape of dogrose genomes. In the Arabidopsis suecica allopolyploid, uniparental silencing of rRNA genes seems to correlate with an overall lower expression of the A. thaliana subgenome (Wang et al., 2006) . Hypothetically, in section Caninae, genes on univalent genomes may be more vulnerable to silencing compared with those located on bivalent genomes. Active constitutive expression of bivalent genomes may be needed for basal metabolism and successful transmission of genetic material in gametes. On the other hand, a variable mosaic expression of univalent genomes might be responsible for phenotypic variation and expression of species-specific traits. Clearly, expression analysis of other homeologous genes will be needed to support the hypotheses.
